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Abstnct—The energies of the lowest exdted singlet, £„ and triplet, £„ states, and singlet-triplet splitting 
energies, A£,j. were determined on 18 caranogenic and 31 noncardnogemc polycyclic aromatics. A 
highly significant correlation was foimd between caranogenic aaivity and the energy of the excited 
singlet sute. Compounds with an £, < 312 kJ/mol were 4.8 times more likely to be caranogens than 
those compounds with £, > 312 kJAnol (P " 0.015). Compounds whose singlet energies fell within 
the narrow range of 297 < £, < 310 kJ/mol were 2Z8 times more likely to be caranogens than those 
compounds which fdl outside this range (P = 0.00006). A significant correlation between caranogenic 
activity and E, energies was not found, while the correlation involving A£,, energies was intermediate 
between the £, and £, correlations. The phosphorescence lifetimes, of the 18 cardnogenic aromatics 
and 27 of the noncardnogemc aromatics were determined, and were shown not to be correlated with 
cardnogenic activity. When either the £, or energies were plotted as a function of £, it was 
found that the carcinogens tended to form in an elliptical duster. Compounds whose £, and £, energies 
placed them within the ellipse were 9.7 times more likely to be cardnogens than those compounds 
which fell outside the ellipse (P a QJOOl), while with the £. A£,j ellipse, compounds which fell mside 
were 20.6 times more likdy to be cardnogens than those which fdl outside (P o 0X)0O4). £„ Ep AE.^. 
and Xf values were also determined on 12 caranogenic and 4 noncardnogemc alkyi substituted 
betuCa]anthraoenes. There was no significant diflerence between the caranogens and nonwcinogens 
and the "efiiptical" corrdation prediaed both the cardnogens and noncaranogens to be caranogenic. 
The resultt suggest that dther some property(iesl of the lowest exdted singlet state, but not its ener^. 
or some molecular propeity(ies) wbich runs parallel to singlet state energies may be important in 
detetmining caranogem'c activity in polycydic aromatics. 

INTBODUCnON 

The cardnogenic polycyclic aromatic hydrocarbons 
and thdr cardnogenic heterocyclic analogs (herein 
jointly referred to as PAH}) indude a large number 
of compounds which are essentially planar and 
usually contain four or more fused rings. One of the 
more active areas of research on these chemical car­
dnogens has been the attempt to find some correla­
tion between cardnogenic activities and some pro­
perty common to these compounds. Most researchers 
generally agree that one of the early events in the 
cardnogenic process is a reaction between certain 
cellular substrates (i.e. nudeic adds and/or proteins) 
and the cardnogen. The possibility that such a reac-

'Auihor to whom coitespnniience should be addressed. 
Medical RcMareh (ISl) Veierans Adminisiraiion HospiiaL 
3200 Vine Si. Cinannali. OH 45220. U.S.A. 

tPiesem address; UnixcrMiy of t'liiciniiali Medical 
Cenicr. Keiicnng Laboraiories. 3223 Eden Avenue. Cincin-
naii. OH 45267. U.S.A. 

t Abbrevialions used BAP. hcnzolulpyrene: DMBA. 
l7.J2-dinieihylhen/(<iJjnihraeenu: PAH. polyeydie aro­
matic hydroearbons. 

tion could involve electronic exdted states was first 
considered by Heiger (1930). Work by Jones (1940) 
showed a rough correlation between caranogenic 
activity and the energy of Qar's ^-band (Clar, 1964a) 
in be^ajanthracene and some of its derivatives, 
while the work of Moodie and Reed (19S4) showed 
that there was no correlation between the energy of 
the lowest excited triplet state of some closely related 
PAH and their cardnogenic activities. Birks (1961), 
however, suggested that a good correlation existed 
between the energy of the first exdted singlet state 
of PAH and their carcinogenidties and proposed that 
the first step in chemical carcinogenesis might involve 
the binding of the- PAH to proidn followed by 
resonance energy tninsfer from the protein to the 
PAH. Mason (1958a. 1958b) considered carcino­
genesis as an electron transfer process from a protein 
to an unoccupied orbital in the cardnogen and found 
J limned correlation between molecular electronic 
transition energies calculated by the Hiiekel method 
and eareinogenie aeiiMiy. Sung and La/ar Il'hi6l 
found that there was no signitieant ditrcrenee in the 
average energies of Clar's 3-. /i-. and /(-bands and 
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observed that variation o( these energies within the 
carcinogens was significantly less than within the non-
carcinogens. 

The formation of excited states during the metabo­
lism of PAH was first suggested by Anderson (1947). 
He theorized that the exothermidty of the metabolic 
hydroxylation of the carcinogen was sufficient to 
excite the carcinogen to a higher electronic state. The 
fluorescence emitted by the metabolically generated 
excited sute could then be absorbed by labile cellular 
components resulting in a photochemical transforma­
tion which subsequently led to malignancy. Steele 
(1966) extended Anderson's theory and' postulated 
that an excited state of the carcinogen, produced 
metabolically, could produce hydroxyl radicals from 
hydrogen peroxide and that these radicals then 
entered into the cancer producing steps. Buu-Ho'i and 
Sung (1970) and Sung and Buu-Hol (1970) proposed 
a nonradiative photochemical model for PAH car­
cinogenesis in which light was not necessary. An 
excited state of the carcinogen was proposed to be 
produced metabolically and then undergo photo-
diemical reaction with cellular substrates to initiate 
the carcinogenic process. To substantiate this hypo­
thesis Buu-Hoi and Ba Giao (1971) treated mice 
with perdeuterated 7,12-dimethylbenzCa]anthraoene 
(DMBA) and non-deuterated DMBA. Substitution of 
deuterium for hydrogen would lengthen the lifetime 
of the triplet excited state of the carcinogen and there­
by increase its likelihood to undergo photochemical 
reactions with cellular components. The results 
showed nearly a two-fold increase in carcinogenic ac­
tivity of the perdeuterated compound. 

The initiation of PAH carcinogenesis by light has 
also been investigated. Ts'o and Lu (1964) reported 
that the diemical linki^e of benzoCa]pyrene (BAP) 
to ONA could be induced photochemically. More 
recent work by Hoffman and Milller (1969), Cavalieri 
and Calvin (1971) and Blackburn et at. (1972) have 
also shown that BAP reacts photochemically with 
nucleic add bases. Covalent binding occun at the six 
position in BAP, and Moore et al. (1973) have shown, 
from calculated reactivity indexes, that the six pos­
ition is the most reactive for the triplet exdted state 
of BAP. Blackburn et aL (1973) found that carcino­
genic and noncardnogenic PAH photoreaaed differ­
ently with DNA. In vlto experiments in mice by San-
tamaria et al. (1966) have shown that BAP was car-
dnogenic independent of light, but that its cardno-
genidty could be influenced by light with dther accd-
eration or inhibitiion with respect to dark controls. 
Cavalieri and Calvin (1971) have also shown that light 
could enhance the carcinogenic activity of BAP on 

'The names used ihroughoiil this work comply with 
the nomeiicliiiurc used h\ Chemical Ab^l^Jel!«-lnde\ of 
Ring Sikicms. 

tThis cumpuiiiid was purclusod as "dihcn/ofu.flpir-
enc". hul was found to aciiialh he dihen7[ii.clacc:inihry-
lenc (see: Lacaasangc ii uL l%K). 

mice, and that the noncarcinogcns. hcnzo[(']pyrcnc. 
chrysene, and pyrcne were still noncaranogcnic in 
animals exposed to light. 

Further evidence that electronic excited states may 
be involved in PAH cardnogenesis has come from 
the work of Seliger et al. (1974) and Staulf et al. 
(1973). These workers have shown the presence of 
electronic exdted states in dgarette smoke and have 
suggested that these may be exdted states of PAH. 
Finally, the significant correlations between photo-
dynamic activity and carcinogenidty (Epstein et al., 
1964a; Morgan and Warshawsky, see the following 
paper) lends further support to the theory that exated 
states are involved in PAH cardnogenesis. 

In this work we have determined the energies of 
the lowest exdted singlet and triplet sutes, and sing­
let-triplet splitting energies of 18 cardnogenic and 31 
noncardnogenic PAH. Phosphorescence lifetimes 
have also been determined on the carcinogens and 
27 of the noncardnogens. The statistical assodation 
of these photophysical properties with carcinogenic 
activity was determined and we find a highly signifi­
cant assodation between cardnogenic activity and the 
energy of the lowest exdted singlet sute of PAH. 

MATERULS AND METHODS 
Compounde*. Acridine. anthracene. benz[c]acridine. 

benz[a]anthracene, benzo[ghi]fluoranthene. llH-l)enzo[ii]-
fluoren^ IOH-benzo[l>]fluorene. benzoCrn]pentaphene. 
benzo[a]pyreae, benzo[e]pyrene, benzoCi>]tnphenylene, 
carbazoU coronene, dibenz[a.e]aceanihrylenet. dibenzo-
[d^ffliio]chrysene, diindenoC l.Z-3-o/.'3.11 -1 m]perylene. 
fluoranthene, fluorene, naphthacene, ovalene, 7-oxobenz-
Cde]antbracene. picene. pyrene, and inphenylene were 
obtained from Aldrich Qiemical Ca: dibenz[<iA]anihrB-
cene. and 7H-dibenzo[f.p]carbazole were obtained from 
K & K Laboratories: dibenz[aA]acridme and dibenz-
Caj]acridine were obtained from Sigma Chemical Co.: and 
phenazine and perylene were supplied by Pflantz and 
Bauer. 

Benz[a]Bcndine (Tada er oL, 1961), benz[e]acephenan-
thrylene (Thiele and Henle. 1906: and Sle^tz. 19191, 
llH-benzolCii]carbazole (Ghighi. 1930: and Borsch ri aL 
1907k benzol[l;]fluoranthene (Buu-Hoi et aL I9S9: John­
son, 1963: and Brande et aL 19S4). dibenz[a.c]aauline 
(Adelfang and Cromwell, 1961). dibenzo[j;.p]chrysene (Gar 
ei al, i964b). dibenzo[iu'sr]penlaphene (Zinke et al.. 1953). 
and naphiho[lJ.3.4-J<f]chrysene (SchiedL 1938) were syn­
thesized using known literature procedures. Chrysene. 
benzoCr]chrysene, benzo[.</]chrysene. benzo[r]phenamh-
rene. benzo[gAi]perylene. dibenz[<i.7]anihracene. and phen-
anthrene were prepared by the photocyclization of the 
appropriate diarylethylene under oxidative conditions 
(Wood rr oL 1964: Dieiz and Scholz. 1968: Laarhoven 
rr aL 1970: Morgan et aL 1970). Benzo[h]chrysene and 
dibenzo[fi.r]phenazine were obtained from Dr. S. H. 
Morgan. 7H-benzo[r]fluorene was a gift from Professor 
M. Orchin. and phenamhro[.7.4-<-]phcnunihrcnc and ihc 
methyl suUtituted betu[d]anthracenes were provided by 
Professor M. S. Newman. All of the ab«no compounds 
were puniied by either reervsialliAiiioii. khroiiuiogr.iphy. 
or sublimation or by a eombinalion of iheM.* melhoiK 

Pre/iiiriiiiiiif iif Miiiifi/t-% Muoreseenee emission speetra 
were obtained on solutions jpprosini.iielv 10 HM in PMI 
in either spectrograde nietluiiol or 9.V'„ eihanol. Samples 
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for phosphorc!«cnoc cnnssinn Kpccira and phosphnr»-
oenoe lifetinieN were prcpaa-d by disNolving the PAH in 
EA (2 parts anhydrous ether. I part VS"„ eihanull in quan­
tities such that the final concentrations were between 0.1 
and l-O mM. A small volume (0.4 m/) of these solutions 
were placed in Pyrcx tubes, S mm OD. which had a stan­
dard taper joint attached to them. The samples were 
degassed on a high vacuum Vine using Ave Trcere-pump-
thaw cycles at 10'* torr. and then permanently scaled. 

EmMon specini and llfeimw.1. The fluorescence emission 
spectrum of each compound was obtained on an Aminco 
Bowman Spectrophotofluorometer which had the exci­
tation monochromator removed. A Coherent Radiation 
Laboratories Model S3 Argon Laser with emission wave­
lengths at 3S0 and 365 nm was used as the exciting source. 
Ea^ spectrum was recorded on an x-r recorder. The 
phosphorescence spectrum of each compound was 
obtained by mounting an Aminco phosphoroscope in the 
above instrument. The laser radiation was passed through 
the lower part of a quartz Dewar flask which contained 
the sample tube at 77 K. The emitted light was detected 
by either a RCA 1P28 or 7102 photomultiplier tube. 

The phosphorescence lifetimes were obtained by making 
the following modifications on the Aminco instrument The 
rotating shutter was removed from the phosphoroscope 
and an Avco Everett Researdi Laboratory Pulsed 
Nitrogen Laser, Model C95(k replaced the argon laser. The 
signal coming from the photomultiplier tub^ following a 
laser pulse, was passed through the electrometer circuit 
of the Aminco MiCTophotometer and then through a volt­
age amplifier which had a range of 0 to -10 V. The decay 
signal was displayed on a Tektronix 7704 oscilloscope and 
simultaneously tent over hardwired, dedicated phone lines 
to a ^ytheon 704 minicomputer by the voltage amplifier. 
All of the data acquisition and reduction was handled by 
the computer, which had the capacity of acquiring 1400 
poinu pet buCTec and could aoquite the dau at a rate of 
8-32,000 la between points. Dau acquisition was initiated 
Gram the emission sipial using a preset voltage of -S.0 
V (La when the emission signal reached -S.0 V the com­
puter began acquiring data). Decay signals were taken 4-64 
times (depending on the signal to noise ratio) for each 
compound, and then averaged to pve the decay curves 
fiom which the phosphorescence lifetimes were determined. 

The dau in the e^y portion of each decay curve was 
dlminated since the initial portion of these curves con­
tained both scattered laser light and fluorescence from the 
compounds. Data which were acquired aAer the phosphor­
escence decay had decrexsed to 5% of its initial value also 
were not used in the calculation of lifetimes. Once the 
exponential phosphorescence decay curve for each com­
pound had bm determined the computer determined the 
phosphorescence lifetimes by the method of least squares. 
The proper time oonstanu for our circuit were determined, 
for each compound, by changing the resistor and/or capa­
citor settings on the voltage amplifier and then redetermin­
ing the phosphorescence lifetime. This process was 
repeated until there was no further decrease in the calcu­
lated phosphorescence lifetime. Linear correlation coeffi-
dentt of at Irasl 0.999 were obtained for the decay curves 
of each compound. 

RESl-LTS 

The energies of the lowest exeiteil singlet. £„ and 
triplet. E|. states were determined for 49 dilVerent 
polycyelie aromatic ring s>.siems from the 0-0 band 
in their fluorescence and phosphorescence emission 

spectra, respectively. The singlet-triplet splitting ener­
gies. A£,,„ were obtained from the difference between 
£, and £, for each compound. Phusphurescence life­
times, Tp, were determined on 45 of the above com­
pounds using a computer assisted technique similar 
to that described by Mathiasch (1971). The £„ £„ 
A£,j. and r, values were also determined for a family 
of compounds, the methyl substituted benz[(i]anthra-
cenes. The division of the compounds into car­
cinogens and noncareinogens was made on the basis 
of the animal test data of Hartwell (1951). Shubik 
and Hartwell (1957 and 1969). and TracorJitco 
(1973a, 1973b, and 1973c). The energies, lifetimes, and 
carcinogenic activities of the 49 ring systems and the 
methyl substituted benz[n]anthracenes are listed in 
Tables 1 and Z respeaively. 

The sutistical method developed by Cornfield 
(1951), the so-called "relative odds" method (Epstein 
et al^ 1964a), was used to determine the correlation 
between E„ £„ A£u> and x, values and carcinogenic 
activity. Two approaches were used in analyzing the 
data. In the fint a single value of energy or lifetime 
was considered, above or below which a compound 
would possess carcinogenic aaivity (single value eut-
ofi). In the second a range of energy or lifetime values 
was found in which carcinogenic activity was most 
prevalent (range of values). The values chosen in both 
of these methods were those which gave the best sta­
tistical correlation. The reliability of the results 
obtained from the "relative odds" method were then 
tested using Fisher's exact test (Langley, 1971; Brown-
lee, 1965). The results of these correlations showed 
that £, values are suongly correlated with carcino­
genicity (Table 3X but £« A£,j, and r, values are 
not 

When either £, or &E,j values were plotted as a 
function of £, it was found that the carcinogenic com­
pounds tended to group in a cluster whose boun­
daries were most conveniently represented by an 
ellipse. The E„ E, ellipse (Fig. la) has foci (£p £,) 
at 280J, 173.6 and 32ZZ 2312 kJ/moL a principal 
axis equal to 86J kJ/inol, and is represented by 
Eq.l. 

[(£.-280J)» + {£,-173.6)']'« 

+ [(£,'- 3222)' -K£, - 2312)']"' < 86.2 (1) 

Thus, a compound would fall inside or on the bound­
ary of the ellipse if the left hand side of Eq. I is 
less than or equal to 86.1 Similarly, the £,. ^E.,, 
ellipse (Fig. lb) has foci (£^ A£,.,) at 285.8. till and 
331.4. 814 kJmol. a principal axis equal to "Z-S 
kJ/moL and is represented by Eq. 2 

[(£,- 285.8)'-|.(A£„-nil)-]'-

[(£, - 331.4)' -I- (A£„ - 82.4)']'' $ 72.S (2) 

The ellipse in each ease was the une nliieh ga\e ihe 
best eorrelaiioii xiih careinogenie .leinitt. The sijiis-
tie.il analyses for these ellipses .ire given in T.ihle 4 
No statistically signilieant correlations with eareino-

»*.r a l-f 
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Table 1. Singlet, triplet and singlet-triplet splitting energies, and phosphorescence liretimes* 

•1 
C 

Compound 

Carcinogens 
I. Benzfajanlhracene 

I 7-Oxobenz[de]anthracene 
3. Benzo[a]pyrene 

4. llH-Benzo[a]carbazole 

5. BenzMaoephenanlhrylene, 
6. Benzo[c]chrysene 
7. Benzo[c]phenanthFene 

8. Benzo[g]chrysene 
9. Benzo[lc]fluoranthene 

10. BenzoCrsrjpentaphene 
11. Dibenz[d.h]acridine 
12. Diben2[a,h]anthracene 
II Dibenz[aJ]acridine 
14. DibenzCojjanthracene 
15. Dibenz[<i,r]aceanthtyleiie 
16. NaphtKoClJL3.4^e/Ichi7aene 
17. 7H-Dibenzo[c.0]carbazole 
18. Dibeiizo[lkr3r]penuphene 
Noocardnogens 
19. Acridine 
20. Dibeiizo[de/>mo]chry8ene 
21. Anthracene 
22. Benz[c]acridine 
23. Ben2[e]acridine 
24. llH-Benzo[c]fluorene 
21 tOH-Benzo[h]fluorene 
26. 7H-Benzo[c]fluoraie 
27. BenzoCh]chiysene 
28. Beiizo[h]triphenylene 
29. Benzo[r]pyreiie 

30. Benzo[gh(]fluoranthene 
31. Beiiza[ghi]peiyleae 

31 Carbazole 

33. Ctarysene 
34. Coronene 
35. Dibenz[a.c]acridine 
36L Dibenzo[a.c]phenazine 
37. DibenzoC0.p]chorsene 
38. Fluoranthene 

39. Fluoiene 

40. Phenanthro[3.4-c]phenanthrene 
41. Naphthacene 
41 Ovalene 
41 DiindenoCl.l3-aail-/in]-

petylene 
44. P^lene" 
45. Phenanthrene 

46. Phenazine 
47. Picenc 
48. Pyrcne 

49. Triphenylene 

FoonuHe on /iiu/f 3S. 

Number 
of nngst E. £1 E; (lit)' AE„ V t, Oit)' 

4 310 200 197* 110 0L339 OJ' 
04' 

40 303 192 1 111 0024 
S 297 177 176* 120 ai03 0.11' 

178' 
4" 341 236 232* 83 4.74 3.6' 

248^ 
S 328 229 230* 99 1.80 10* 
5 310 233 77 1J3 
4 321 239 240' 82 3J4 30' 

238' 
S 322 226 96 1.46 
5 299 211 88 0.828 
6 276 169 169' 107 a032 
5" 306 229 77 2J1 
3 303 218 219' 83 1.60 10— 
5" 303 223 222' 80 1.04 
5 303 221 82 151 * 
6 2S2 196 36 0.338 
6 302 197 196- 103 0L374 
5 304 231 233» 73 2.23 11' 
7 286 193 93 0.499 

3" 313 190 123 ai33 
6 276 143 133 
3 319 178 176' 141 009* 
4" 312 213 99 0406 
4" 312 213 99 0281 
4 326 241 83 201 
4 326 240 86 2M 
4 332 231 10! 1.14 1.1' 
5 303 190 113 • 0183 
5 320 213 212' 107 0794 
S 327 221 224' 106 112 106' 

222' UP 
5 282 226 Txr 36 0L378 
6 294 193 194' 101 0438 0O4' 

194' 
3" 333 293 294« 62 804 140-

100* 
4 332 239 240' 93 134 13' 
7 279 232 229- 47 9J 94* 

322 227 93 0741 
SNN 296 223 73 0286 
6 312 207 103 0821 
4 293 221 222' 74 O990 003' 

0.9-
3 397 284 113 S.O'-' 

i 40-
290 228 228' 62 106 ir 

4 234 123* 131 OOQ3* 
10 236 184 72 

9 221 146 73 
S 273 148* 127 
3 346 239 239* 87 194 3.3-

239' 3.r 
jN 299 186 183- 113 0.083 
s 318 240 241' 78 17 13' 
4 322 203 201' 119 0.63 03'' 

M2' or 
4 332 282 285' 70 13.2 159— 

279' 16 (K 
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Table 2. Singlet, triplet and singlet-triplet splitting energies, and phosphorescence lifetimes for ben7[a]anihracene and 
some methyl substituted hcn7[<i]anthracencs' 

Compound £. £. E, (lit) r, (lit) 

Carcinogens 
BenzCa]anthracene 310 200 201' 110 , a339 03' 

I97'-' 024* 
200' 

4.Methyl- 31(/ 199 199' 111 0J98 0L27« 4.Methyl-
200« 
200' , 

S-Methyl- 308' 202 202' 106 a383 S-Methyl-
201* 

6-Methyl. 310f 203 201' 107 a407 026* 6-Methyl. 
203* 
200-

7.Methyl- 308' 193 195' 113 a2i9 013* 7.Methyl-
193' 
192' 

C-Methyl- 311' 201 201' 110 0341 0L23* 
dUMr 

197* 
9-Methyl- 311' 199 202' 112 0a98 9-Methyl-

198* 
lO-MethyK 309' 199 203' 110 0304 

199* 
I^Melbyl• 30ff 192 194' 114 0142 0078* I^Melbyl• 

195' 
191' 

• 

7.12-Dimethyl- 297 184 186' 113 0110 
1.12-Dimethyl- 293 193 100 0110 
63-Dimethyl- 308 203 103 0L383 
3-Methylcholanthrene 302 193 107 01313 
Noncardnogens 

310F 1-Methyl. 310F 203 203' 107 (U22 
203' 

^Methyl- 309' 200 200' 109 0L323 023' ^Methyl-
199* 
198* • 

3-Methyl- 312' 201 200' 111 0321 023* 3-Methyl- • 200' 
. 199* • 

11-Methyl- 310F 202 201' 108 0338 024' 11-Methyl-
201' 
197* 

'Energy values are in kJ/riiol. and lifetimes are in s. 'Hirschberg, Y. (1936) Aiul. Chem. 28. 1934-1937. 'Moodie. 
M. M, and C Reid (1934) J. Chem. Phys. 22. 332-234. 'Mcaure. D. S. (1949) J. Chem. Phys. 17. 905-913. 'Benson. 
R., and N. E Geacintov (1973) J. Chem. Phys. 59.4428-4434. (Lifetime values svere obtained at 298 K in a polyacrylate 
matrix.) 'Becker. E S.. L E Singh and E E Jackson (1964) J. Chem. Phys. 32.2144-217a 

Foomore to Ibble 1 

t Superscript indicates the nature of the heterocyclic compounds—e.g. 4" is a tetracyclic compound with one oxygen 
atom. 'Energy values are in kJ/mol and lifetimes are in seconds. 'Represenutive literature values for the triplet state 
energies and phosphorescence lifetimes are included for the purpose of comparison and do not represent a complete 
review of the literature. Literature values for the singlet state energies are not included since these values are generally 
well known and accepted. 'McClure. D. E (1949) J. phvs. Chem. 17. 905-913. 'Czekalla. J. G. Gricgleb. W. Herre 
and H. J. Vahlensieck (1939) Z. Eleckiro. Chem. 63. 715-721.' MueL B. and M. Hubert-Habart (19381 J. Oiim. Phvs. 
SE 377-383. 'Mathiasch. E (1971) Anai Letters 4. 5(9-529. 'Zander. M. (1968) PluMp/mrinifirv. p. 100. Academic 
Press. N.Y. 'Zander. M. (1964) Chem. Ber. 97. 2695-2699. • Reference (g). p. 68. 'Gar. E. and M. Zander (1950) Ou'm. 
Ber. 89. 749-761 'Moodie. M. M.. and C. Reid (1954) J. Chem. Phvs. 22. 252 2.M. 'Giircman. O. L. J- F. Kaufman 
and G. Porter (1973) J. Chem. Sot- Faraday Transactions JI 69. 708-737. "Dikum. P. P, A. A. Pelrov and B. Y. 
Sveshnikov (1951) Z. Elsp Tenn-i. Fir. 21. 1.50-16.3. 'Il'lna. A. A., and E. V Shpol'skii (1951) f.-r. Ua,/. .WiiA SS.S.R. 
Ser. Fh. IE 58.5-595. 'McGlynn. S. P. M. R. Paiihide and M Kasha (1954) J. Chem. Plus. 21 59.t fOA 'Reference 
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SOOr Table 3. Siatisiical analyses of the correlation between 
singlet Slate energy and caranogcnicity 

a. Single value eut-olT 
Singlet state energy (kJ/mol) 
£. < 312 £. » 312 

Carcinogens 14 4 
Noncarcinogens 13 18 
The "relative odds" of a compound being caranogenic if 
its £. < 312 are (14 x l8|/(4 x 13) - 4.8. P - O.OIS 

b. Range of values 
Range of singlet state energy (kJ/mol) 
297 < £. < 310 310 <£,<291 

Carcinogens II 7 
Noncarcinogens 2 29 
The "relative odds" of a compound being carcinogenic if 
297 < £, < 310 are 22.8. P « a00006 

geitic activity were found when plots of £, vs £, 
vs A£,^ £; vs Ty, and AE^ vs t, were considered. 

DISCUSSION 

"Die Dtedse mechanism bv whidi cardnoaenic— 
PAH transform normal cells into cancer cells « nnt-
known. The possiBility that carcinogenesis could in­
volve chai^ transier complexes has been considered 
by Mulliken (19521 Badaer 11954). and Dewar and 
Lepley (1961). However, Epstein et ai (1964b) and 
Van Duuien (1969) have presented strong evidence 
against a significant correlation between diarge 
transfer complex formation and carcinogenicity. Most 
of the current theories of PAH carcinogenesis are 
based on the assumption that covalent binding of the 
PAH, or more likely one or more of its metabolites, 
to cellular material is necessary, and that such a pro­
cess involves only ground state chemistry. The ground 
state reactivity indexes calculated by Pullman and 
Pullman (195S), Sung (1972), and Hemdon (1974) 
have direrted attention to reactions involving the 
molecular X- and Z.-regions in PAH. However. Mori-
coni and Saloe (1968) have shown that a number of 
carcinogenic and noncardnogenic PAH react with 
ozone in both molecular regions, but with product 
distributions that are not consistent with the calcu­
lated K- and L-region reactivities. 

The study of the metabolism of PAH has been 
limited to a relatively small group of compounds. 
Products such as epoxides, dihydrodiols. phenols, and 
quinones have been identified. The A-region epoxides 
of these compounds have been suggested as being the 
actual carcinogen and in the case of the widely stud­
ied benzo[<i]pyrene (BAP) it has been shown that the 
K-region epoxide is indeed formed b\ rat lixer niicriv 
somes (Grover fi uL 19721 rat lung microsomes 
(Grover. I974K and hamster liver microsomes (Wang 
I'f aL 1972). How-e\er. recent work has shown that 
the binding of BAP to DNA produces prixiucts that 
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Figuie 1. (a) Elliptical dustering of cardnogens as a ftmc-
tiqn of thdr £, and £, energies, (b) Ellipucal dustenng 
of cardnogens as a function of thdr £, and A£u energies. 

Closed dtdes represent carcinogenic compounds. 

are not identical to those formed when DNA is 
reacted with the Ik-regjon epoxide of BAP (King et 
aL 1975; Baird et aL 1975; Kodama and Nagata. 
1975). Evidence has also been presented that indicates 
that the U, and 6-positions are not involved in the 
enzyme catalyzed covalent binding of BAP to poly-
guanylic acid (polyG) (Meehan er a/.. 1976a) and that 
the 6-position is not involved in the binding to DNA 
(King et aL 1976a). Cunent evidence indicates that 
the metabolite of BAP that binds to DNA and polyG 
is a 7,8-dihydro-9.IO-epoxy-7.8.9.IO-tetrahydrobenzo-
[(i]pyrene (Osborne ^r aL 1976:> King et aL 1976b: 
Meehan er aL 1976b). 

Reaardless of whether PAH themselves or products 
of single or double metabolism are the ultimate cat^ 
dnoaeps. the fag remains that there must be some 
criticjl activation step which carcinggcnic PAHjin-
Ue^oThat such an activation could involve exated 
slate chemistry has been proposed by Anderson 
(1947). Steele (I966L Buu-Hoi and Sung (1970). and 
Sung and Buu-Hdi |l97t)|. and the recent work h\ 
Hainnian and Seliger (1976) has demonstrated that 
excited states are indeed formed during the micro-
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Table 4. Staliktical analyses of (he elliptical clustering of 
cudnogens with respect to excited state energies 

t 
«• 

a. £, Of £, elllpst 
Position in elliptical correlation 

Inside ellipse Outside ellipse 

Carcinogens 16 2 
Noncarcinogens 14 17 
The "relative odds" of a compound being carcinogenic if 
h falb inside the £. £. ellipse are 9.71. P - 0.0024 

b, £; as ellipse 
Position in elliptical correlation 

Inside ellipse Outside ellipse 

Carcinogens 17 1 
Noncardnogens 14 17 
The "relative odds" of a compound bang caranogenic if 
it hib inside the A£u ellipse are 20.6. P > 0.0004 

somal hydroxylation of BAP. The photochemically 
induced Irinding of carcinogenic PAH to DNA and 
nucleic adds has been demonstrated by Ts'o and Lu 
(1964X Hoifinan and Miiller (1969), Cavaiieri and Cal-
vin (1971), and Blackburn et al. (197Z 1973), and ac-
cderation of carcinogenesis by light has been found 
in BAP by Santamaria er al. (1966) and Cavaiieri and 
Calvin (1971). These results suggest that eiearonic 
exdted states may intervene at some critical point 
in PAH cardnogenesis.-

The present work supports and extends the finding 
by Birlu (1961) that a highly significant correlation 
catists between carcinogenic activity and the energy 
of the first exdted singlet state of PAH (Table 3). 

Compounds with an £, < 312 kJ/inol were 4.8 times 
more likely to be cardnogens tban those compounds 
with Eg > 312 kJ/moL (P = 0.01S). When a narrow 
range singlet energies was considered it was found 

that a compound was 218 times more likely to be 
a cardnogen if 297 < £, < 310 kJ/moL IP » 0.00006). 
A significant correlation between carcinogenic activity 
and either £,. EE,j. or values was not found except 
in the ease where a range of AE,j values were con­
sidered. A compound was 6.9 times more likely to 
be a cardnogen if its EE,,, energy fell in the range 
76.6 < A£.j < 110 kJ/moi. (P » 0.00S). 

The "elliptical" correlations (Fig. I) are highly sig­
nificant (Table 4). Most of the cardnogenic "excep­
tions" in the correlations involving £, were removed, 
but in so doing more of the noncardnogens were 
placed in the "active" category. In the 16 alkyi substi­
tuted benz[a]anthraeenes the "elliptical" correlation 
predicted both the cardnogens and noncarcinogens 
to be cardnogenic These results suggest that either 
some property(ies) of the lowest exdted singlet state, 
but not its energy, or some molecular property(ies) 
which runs parallel to singlet state energies may be 
important in determining carcinogenic activity in 
PAH. The lack of a correlation between cardnogenic 
activity and dther £, or values makes it seem un­
likely that the lowest exdted triplet state, or a mol­
ecular property assodated with it, is involved in PAH 
cardnogenesis. 
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SUMMARY 

The metabolism of a carcinogenic N*heterocyclic aromatic, 7H-dibenzo 
[c,^]carbazole, was investigated in an isolated perfused rabbit lung pre­
paration and in rat liver microsomes. A major metabolite produced in 
both preparations is the 7-hydroxydibenzo[c.gIcarbazole. A substantial 
percentage of this metabolite is found in the tracheabronchi, which would 
be consistent with the high incidence of respiratory tract tumors due to 
dibenzo[c,^]cazbazole. 

INTRODUCnON 

The important contribution of various polycyclic aromatic hydrocarbons 
(PAHs) to the carcinogenic potency of complex mixtures is well recognized 
[7,8,11]. Previous work on the metabolism of carcinogenic PAHs has cen­
tered primarily on benzo[a]pyrene [6,24,31]. 

It has been demonstrated that the neutral and basic fractions of these 
mixtures are carcinogenic when tested in experimental animals [8,28]. 
These fractions have been found to contain Nheterocyclic aromatics [5,22]. 
Certain of these heterocyclics show considerable carcinogenic potency 
for the lungs of experimental animals [1,2]. 7H-Dibenzo[c,;]carbazole 
(7i7-DB[c,^]C) (Fig. 1) has produced tumors in the respiratory tract of 
hamsters [25,26]; 7H-DB[c,;]C given intratracheally (IT) in conjunction 

*To whom nprint requests should be addressed. 
Abbreviations: 7H-DBICA]C, 7HHlibenzo[c.3]carbazole; HPLC, high performaaee liquid 
efaromatography; IT, Intxatracheaiiy; iPL, isolated perftised lung preparation; MAG, 
macrophage pellet; 7-0H-DB[e,g]C, 7-hydrozydibenzo[c.glcarhasole, PAHs, polycyclic 
arom^ic hydrocarbons; TB, tracheabronchi; TLC, thin layer chromatography; WO, 
lavage wash-out fluid remaining following centrifiigation to obtain macrophage pellet. 



154 

Fig. 1. Structure of 7/f-dibenzo[c.g]carbuole. 

with haematite dust appears to be a stronger respiratory tract carcinogen 
than is benzo[a]pyrene with comparable doses [ll,!?]. 

No work has been done on the metabolism of the carcinogenic Mhetero-
cyclic aromatics except for tricycloquinazoline [3,4,12]; therefore, this 
research investigates the metabolism of the carcinogenic 7if-DB[c,;)C using 
an isolated perfused lung preparation (IPL) [18], 

MATERIALS AND METHODS 

Male New Zealand rabbits weighing 4—5 kg were fed single batch standard 
laboratory chow diets and water ad libitum and were equilibrated for at 
least 3 weeks in a pesticide*free environment. No anesthesia was given 
[19] and rabbits were heparinized (1000 I.U./kg) 5 min before cardiac 
puncture. Immediately following cardiac puncture, the rabbits were killed 
by CO] inhalation and the lungs removed. The equipment, start-up of the 
perfusion system and preparation of the lungs are described elsewhere 
[18,19,30]. 

Two microCuries of [1,4,5,9,10,lS,13b,13c-"C]7/f.DB(c,^]C (2.7 mCi/ 
mmol), (Amersham, Arlington Heights, IL) diluted with cold 7H-DB[c,^]C 
(Analabs, North Haven, CT), and synthesized in the laboratory [21] to 
give 300 iug of 7/f-DB[e,g]C (1.78 pCi/Aimol), was evaporated gently under 
nitrogen. The 7H-DB[c,g]C was taken up in 1 ml of ethanolic saline (1:1), 
injected IT on the IPL and deposited at the bifurcation of the lobes. The 
syringe was rinsed once with an additional 1 ml of saline which was then 
injected. The purity of 7H-DB[c,g]C was monitored by high performance 
liquid chromatography methods (HPLC). 

Blood samples (5.5 ml) were taken from the perfusion system a minimum 
of 6 times during the perfosion up to 3 h. The lunp were weighed after 
removal from the perAision system and lavaged 3 times with physiological 
saline (5 ml/g lung tissue); the lung tissue was separated from the trachea-
bronchi (TB) and from all extraneous tissue; both the lung tissue and TB 
were weighed. The extraction procedure and preparation of the organic 
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extracts of the blood, lung, TB, macrophage pellet (MAC) and lavage wash­
out fluid (WO; fluid remaining after centrifuging to obtain macrophage 
pellet) for HPLC analyses are described elsewhere [18,29,30]. 

Ten microliter samples were chromatographed on a Varian 8500 HPLC 
and monitored at 268 nm using a Whatman CDS column, 25 cm X 4.6 mm, 
10 urn particle size, with a methanol water gradient, 76—100% methanol, 
with a- flow of 1 ml/min at room temperature. A HPLC chromatogram 
was recorded using a rat liver microsomal mixture [10,13] of the 
metabolites (see Fig. 2) once each morning. Fractions from the samples 
were collected, so that each of the peaks and spaces between peaks were 
collected individually. The counting efficiency was determined by either 
using an internal standard or a standard quench curve. The total rate of 
^pearance of metabolites, (ng/g lung) in the blood, was based on a linear 
regression of a time course study from 0 through at least 90 min. All samples 
were processed under nitrogen and subdued yellow lighting to minimize 
photo-oxidation. ' 

Liver microsomes were prepared [104-3] from Sprague—Oawley rats 
(250 g) injected IP with 3-methylcholanthrene (20 mg/kg) and the pellet 
was frozen at -80°C at a concentration of 10 mg protein/ml [14] in 0.1 M 
Tris buffer (pH 7.4). The assay [10] was carried out in a total of 4 ml 
0.1 M Tris buffer (pH 7.4) at 37°C for 1 h using a regenerating NADP/ 
glucose 6-pho5phate system with total protein varying from 1.6 mg to 

020 

0.16 

012 

one 

004 

12 16 20 24 28 32 
TME (mifiutes) 

Fig. 2L HPLC ehramatogram of 7iif-dibenzo[c,g]catbazole and iU metabolitea. 
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6.4 mg; ethyl acetate extracts were dried over MgS04, evaporated under 
Nj and frozen until HPLC analyses (Fig. 2). Acetylated derivatives of amine 
and/or hydroxyl groups for mass spectral analyses were prepared by dis­
solving metabolite(s) in ethyl acetate, adding 15 ̂ il of pyridine and 30 ^tl 
of acetic anhydride, heating at 45°C for 30 min [20] and evaporating 
to dryness. All solvents were re^listilled except methanol (Fisher Scientific, 
NJ, spectroanalyzed). All '^C scintillation counting was performed on Tri-
CaA Packard Liquid Scintillation Spectrometers and corrected fluoreKence, 
ultraviolet, infrared and mass spectra were recorded on an American In­
strument Company spectrophotofluorometer, Beckman DB-GT, and Perkin 
Elmer 457 infrared spectrophotometers and Finnegans 3200 and 3300 mass 
spectrometers, respectively. 

RESULTS AND DISCUSSION 

The results indicate that the rate of appearance of metabolites in the 
blood for 7/if-DB[c,^]C (300 /jg, 1.12 ;imol, given IT, Table 1(A)) is twice 
as rapid as benzoic Jpyrene (316 /ig, 1.25 fxmol, given IT; TLC data, 256 ± 

TABLE 1 

METABOLISM AND DISTRIBUTION OF 7N-DIBENZO[e.a]CARBAZOLE AND 
ITS METABOLITES IN THE ISOLATED PERFUSED LUNG t S.E. 

Total rat« of appeannce of 
metabolites in the blood* 
(ng/ciung/h) 
765 ±176 

Percent of total rate of 
meuboiism 

B 
Distribution of parent compound and metabo­
lites in tissue at the end of the perfusion'* 

Total percent of 7H-DB[c.g]C remaining 
32.0 t 8.2 

Percent of total compound in each tissue 

7/f-DB[e,g]C Total metabolite 

Metaboiite 
1 5.6 t 1.9 Blood 7.9 ± 1.4 21.7 t 6.0 
2 6.8 t 1.4 TB 4.3 ± 1.0 8.1 t 0.9 
3 10.9 * 2.2 MAC 1.4 ± 0.5 1.4 1 0.3 
8b.3c 3.3 ± 0.8 WO 6.0 t 2.7 8.1 a 0.6 
4 2.3 1 0.4 Lung 12.3 a 4.1 28.8 a 4.3 
5 1.0 t 0.3 
6 1.1 e 0.4 
7 3.1 t 1.5 
8 2.6 ± 1.1 
9 1.4 t 0.5 
Non-extractable 66.6 * 4.4 

^hre experiments; 2 tiCi; 300 ug/exp. 
Three exp. run at ieast 120 min. 
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37 ng/g lungAi, ± S.£. for 9 experiments; HPLC data, 334 ± 40 ng/g lung/h, 
^ ± S j:. for 4 experiments) in the IPL. This may be partially a function of 
'the increased solubility of 7H*DB[cig]C compared with other PAHs [11] 
in aqueous media in addition to increased enzymatic activation. 

Iff LC methods have been used in isolating 9 metabolites in the rat liver 
microsome mixture (Fig. 2) which are used to identify the metabolites 
formed in the isolated perfused lung (Tablel(A)). It should be noted that 
qualitatively similar metabolites of benzo[a]pyrene are found in various 
qjedes, as weU as in various organs such as liver and lung, but there are 
quantitative differences [10,23]. The same is true for 7^-DB[c.g]C; the 
metabolite pattern (Table 1(A) using radiolabeled compound indicates 
that metabolites 1—3 are produced most readily in the IPL while meta­
bolites 3 and 4 are produced most readily in rat liver microsomes (not 
shown). 

Infr««d spectrum of 7/f-pB[c.g]C (m.p. 156°C) in a halo^arbon mull 
produces a sharp band at 3420 cm~' indicative of an N—H stretching vibra­
tion. The infrared spectrum of metabolite 3 (decomposes > 240''C) in 
chlbzofoim produces a broad strong band at 3450 cm~' indicative of a 
hydrogen bonded 0-4I stretching vibration. Fluorescence emission spectra 
in methanol for 7J?-DB[c,g]C and metabolite 3 have peaks at 369 and 
387 nm and at 392 and 405 nm, respectively; this shift to longer wave­
lengths for metabolite 3 is consistent with the increase in polarity due to 
ahydroxylfunctional group [15, D. Warshawsky, unpublished data]. 

Mass. spectral analysis of 7i7-DB[c,g]C shows a molecular ion at m/e 
267 while the acetylated derivative of 7i/-DB[c,g]C produces a molecular 
ion at m/e 309 (plus 42 moL wt, relative abundance of 3.2) followed by a 
fragmentation ion at m/e 267 (relative abundance of 100). This indicates 
that the nitrogen is acetylated. Metabolite 3 produces a molecular ion at 
m/e 283 that is indicative of an oxygenated derivative (plus 16 mol. wt). 
Acetylation of metabolite 3 produces a molecular ion at m/e 325 (relative 
abundance of 60) followed by a fragmentation ion at m/e 283 (relative 
abundance of 100). Since only 1 position on 7H-DB[c,g]C has been deriv-
atized,.ahydroxylated nitrogen must be the functional group that has been 
acetylated. Therefore, metabolite 3 is 7-hydroxydibenzo[c,g]carbazole 
(7-0H-DB[c,g]C). The free valence values [27] (ability of each atom to 
undergo electrophilic attack) are consistent with the readily formed 7-OH-
DB[c,^]C: atom(8) of 7H-DB[c,g]C (Fig. 1), free valence; 7, 1.020; 5,9, 
0.461; 4,10,0.453; 1,3,0.444; 6,8,0.424; 2,12,0.403. 

IPL distribution data (Table 1(B)) indicate that 32.0% ± 8.2 of 7H-DB-
[c;g^]C remains at the end of the IPL experiment compared to 65% t 4.3 
fbrbenzo[a]pyrene (not shown). There is a substantia percentage of IH-
DB[c;g]C and metabolites, in particular 7-0H-DB[c,g]C, remaining in TB 
as well as-in-lung and perfusate. 

The IPL results indicate that 7H-DB[c,g]C is metabolized readily fol­
lowing IT administration in the lung, but that a substantial amount of 
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lH-BB[c^]C and total metabolite are found in the TB. This suggests that 
the pulmonary aveolar macrophages may deposit compounds in the TB 
[9] which would be consistent with the high incidence of respiratory tract 
tumors in the trachea and bronchi due to 7i7-DB[c^1C [25,26]. 7-OH-DB-
[c,g]C, which is found in the TB in the largest quantities, may be the initial 
step in the formation of the ultimate metabolite of 7H-DB[c,f ]C [12,16], 

We are presently characterizing all of the metabolites and determining 
the mutagenic activity of each using the Salmonella typhimurium micro* 
somal assay. 
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